Chemoreceptors provide sensory specificity and sensitivity that enable motile bacteria to seek optimal positions for growth and metabolism in gradients of various physicochemical cues. Despite the abundance of chemoreceptors, little is known regarding the sensory specificity and the exact contribution of individual chemoreceptors to the lifestyle of bacteria. Azospirillum brasilense are motile bacteria that can fix atmospheric nitrogen under microaerophilic conditions. Here, we characterized a chemoreceptor in this organism, named AerC, which functions as a redox sensor that enables the cells to seek microaerophilic conditions that support optimum nitrogen fixation. AerC is a representative of a widespread class of soluble chemoreceptors that monitor changes in the redox status of the electron transport system via the FAD cofactor associated with its PAS domains. In A. brasilense, AerC clusters at the cell poles. Its cellular localization and contribution to the behavioral response correlate with its expression pattern and with changes in the overall cellular FAD content under nitrogenfixing conditions. AerC-mediated energy taxis in A. brasilense prevails under conditions of nitrogen fixation, illustrating a strategy by which cells optimize chemosensing to signaling cues that directly affect current metabolic activities and thus revealing a mechanism by which chemotaxis is coordinated with dynamic changes in cell physiology.
FAD | nitrogen fixation | signal transduction M otile bacteria detect changes in environmental conditions and respond by navigating toward niches where conditions are optimal for growth. This widespread behavior is collectively known as chemotaxis (1) . Various physicochemical cues are detected by dedicated chemoreceptors (methyl-accepted chemotaxis proteins or MCPs) that relay information to the flagellar motors via a signal transduction cascade (2) . The model organism for chemotaxis, Escherichia coli, possesses five transmembrane chemoreceptors (Tar, Tsr, Tap, Trg, and Aer) and the sensory specificities for each of these have been determined (2) . Most bacterial species have a greater number of chemoreceptors than E. coli (3); however, their sensory specificities and contribution to the lifestyle of bacteria are virtually unknown.
Azospirillum brasilense are motile bacteria that can fix atmospheric nitrogen under microaerophilic conditions. These bacteria respond tactically to various chemoeffectors that affect their metabolism and the resulting changes in energy levels function as signals (4) . In oxygen gradients, A. brasilense cells quickly navigate to a specific zone where oxygen concentration is low enough (3-5 μM) to support their microaerobic lifestyle and to be compatible with nitrogen fixation (5) . Chemotactic responses to changes in energy metabolism have been identified in several bacterial species and are collectively referred to as "energy taxis" (6) . In E. coli, two of the five chemoreceptors have been implicated in mediating energy taxis: Aer, which senses the redox status via an FAD cofactor (7, 8) and Tsr, which likely monitors the proton motive force (8, 9) . In A. brasilense, a transmembrane chemoreceptor Tlp1 modulates many energy taxis responses (10) . The sensory domain of Tlp1 is located in the periplasm and lacks a recognizable motif for redox or energy sensing, and thus the energy-related parameter sensed by Tlp1 is unknown (10) .
Here, we describe a chemoreceptor, named AerC (transducer for aerotaxis and related responses, cytoplasmic), which functions as an energy taxis transducer in A. brasilense. Strikingly, the cellular localization of AerC and its contribution to behavior correlate with metabolic changes under nitrogen-fixing conditions suggesting a mechanism by which chemotaxis is coordinated with dynamic changes in cell physiology. Given the widespread distribution of AerC-like chemoreceptors revealed by comparative genomics, these findings are directly relevant to many other bacterial species.
Results

Identification of AerC, a Cytoplasmic Chemoreceptor with Elevated
Expression Under Nitrogen-Fixing Conditions. The available genome sequence of A. brasilense (http://genome.ornl.gov/microbial/abra/ 19sep08/) revealed 48 chemoreceptor genes. Five chemoreceptors were predicted to contain PAS domains that often serve as redox and oxygen sensors (11), including one encoded by a gene located between two nif operons, which was named aerC (Fig. 1) . Although the chemoreceptor-encoding gene in this genomic region was identified previously (12) , its function has not been elucidated. AerC consists of a C-terminal MCP signaling domain (3) and two N-terminal PAS domains, but lacks transmembrane regions (Fig. 1A) . We compared the cellular levels of the AerC protein in the presence of ammonium and under nitrogen-fixing conditions. A polyclonal antibody targeted against the N-terminal PAS domain of the E. coli Aer (Aer 2-166 ) protein cross-reacted with a protein of about 40 kDa (the predicted molecular weight of AerC) in the wild type, but not in a ΔaerC::Kan mutant strain (AB301), suggesting that it specifically recognizes AerC (Fig. 1B) . Using this antibody, we found that AerC is present under both growth conditions but it is upregulated under conditions of nitrogen fixation (Fig. 1B) . AerC was only found in the soluble fraction, an observation consistent with its predicted topology. A C-terminal translational fusion of the yellow fluorescent protein (Yfp) with AerC, expressed under the control of its native promoter from a broad host range low-copy plasmid, was used to determine the subcellular localization of this chemoreceptor (Fig. 2) . When expressed in the ΔaerC::Kan mutant background (strain AB301), the plasmid could restore chemotaxis and aerotaxis to wild-type levels (Fig. S1 ). In plasmid-containing wild-type and AB301 cells grown in the presence To whom correspondence should be addressed. E-mail: galexan2@utk.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0910055107/DCSupplemental. of ammonium, fluorescence was seen within the cell cytoplasm and often in dim polar foci. Under conditions of nitrogen fixation, however, bright fluorescent foci were detected at either one or both cell poles in more than 90% of the cells examined (Fig. 2) . No localization of the AerC-Yfp fusion in polar foci was detected when AerC-Yfp was expressed in strain AB103, which is deleted for the Che1 chemotaxis pathway (13) (Fig. 2) . Bright fluorescence was observed throughout the cytoplasm indicating that the AerC-Yfp fusion was expressed. The expression levels of AerC-Yfp were similar in the wild-type and AB301 strains, but lower in the AB103 strain (Fig. S2) , suggesting that AerCYfp is less stably expressed and/or at reduced levels in this strain.
AerC Is a FAD-Binding Chemoreceptor. In contrast to the best studied PAS-domain containing chemoreceptor, Aer of E. coli, and similar chemoreceptors characterized in other bacteria (14, 15) , AerC is a soluble protein. The PAS domain of Aer contains FAD (16, 17) ; however, PAS domains are ubiquitous and contain various other cofactors (11) . To determine which cofactor is associated with the PAS domains of AerC, we compared PAS domains from bacterial chemoreceptors identified in public databases. A total of 1,056 chemoreceptor sequences containing 1,649 PAS domains have been analyzed with respect to their domain architecture and PAS domain conservation ( Fig. 3; Figs. S3 and S4). Three groups of PAS domains were identified: (i) a conserved class I exemplified by the PAS domain of the E. coli Aer chemoreceptor; (ii) a conserved class II exemplified by both PAS domains of the A. brasilense AerC chemoreceptor, and (iii) a diverse group of apparently unrelated PAS domains. All MCPs containing class I PAS domains were predicted to be membrane bound, whereas >98% of MCPs containing class II PAS domains were predicted to be cytoplasmic (Fig. S3) .
The pattern of sequence conservation indicates that class I and II PAS domains are closely related in structure and function (Fig.  S4 ). To predict the cofactor bound to PAS domains in AerC, we analyzed the multiple sequence alignment of the PAS domain for the presence of conserved residues that are involved in cofactor binding in PAS domains containing known cofactors: FAD (18), FMN (19) , heme (20) , hydroxycinnamic acid (21), and citrate (22) . Strikingly, only one such residue, a tryptophan corresponding to Trp87 of the FAD-containing PAS domain in the NifL protein of Azotobacter vinelandii (18), was conserved in both class I and class II PAS domains (Fig. 3) . In NifL, Trp87 participates in multiple interactions with FAD, specifically with its adenine moiety and the ribityl chain (18) . We conclude that this residue is the only irreplaceable position specifically involved in FAD binding and its presence in both PAS domains of AerC (Trp77 in PAS1 and Trp199 in PAS2) strongly suggests that they both contain FAD. This prediction was verified experimentally as shown below.
The PAS domain of E. coli Aer contains a noncovalently bound FAD that does not copurify well with the native protein, and an indirect assay was developed to confirm the association of FAD with the PAS domain (7, 16, 17, 23) . Overexpression of a functional Aer protein (but not nonfunctional Aer alleles) from a plasmid is associated with an increase in the FAD content of cell membranes (7, 23) . Overexpressing AerC in wild-type A. brasilense cells causes a significant increase in the FAD content of cells, which was not observed in wild-type cells carrying an empty vector (Table S1 ). Overexpressing AerC alleles that carried either W77F or W199F substitutions yielded a modest increase in the FAD content, whereas no significant increase was detected in cells expressing an AerC W77FW199F allele (Table S1 ). The cellular levels of the expressed mutant AerC proteins were comparable to the wild type and similar between all strains (Fig. S5) . These results support the computational prediction that conserved tryptophan residues in the PAS1 and PAS2 domains of AerC bind FAD.
AerC Is an Energy Taxis Transducer. We compared the motile behavior of strain AB301 with that of the wild-type strain in a set of behavioral assays performed in the presence of ammonium and under nitrogen-fixing conditions (Fig. S6) . Strain AB301 was significantly impaired in chemotaxis to organic acids, glycerol, and certain sugars under all growth conditions ( Fig. 4A and Fig.  S6A ). Interestingly, the ΔaerC mutant strain was null for chemotaxis to succinate when grown with combined nitrogen, but brasilense strain Sp7 (wild type) and its ΔaerC mutant derivative (strain AB301) grown in presence of ammonium and under nitrogen-fixation conditions. An equivalent amount of protein extracted from whole cells was analyzed. AerC expression was detected by using an affinity-purified E. coli anti Aer antibody that cross-reacts with a protein of about 40 kDa in Sp7 but not AB301 (indicated by an arrow on the Right). The unidentified low molecular weight cross-reacting band present in all lanes was used as an internal control. The experiment was repeated three times and representative results are shown. had only a slight defect under conditions of nitrogen fixation. Strain AB301 was also affected in chemotaxis under anaerobic conditions (Fig. S6B) . The chemotactic defect could be complemented by expressing the wild-type aerC gene from its own promoter in trans from a plasmid (Fig. 4A and Fig. S1 ).
In oxygen gradients, A. brasilense cells rapidly (less than 5 min) form an aerotactic band at a preferred oxygen concentration (5) . No difference in the position of the aerotactic band formed by the wild-type and the AB301 strains was detected when cells were grown in presence of ammonium (Fig. 4B and Fig. S6C) ; however, under conditions of nitrogen fixation, the AB301 strain formed the band farther away from the meniscus (Fig. 4B and Fig. S6C ) and formation of the band was significantly delayed (∼15 min for the AB301 strain). Wild-type and AB301 cells were responding and adapting to the removal or addition of oxygen in a temporal gradient assay; however, AB301 cells had a much shorter adaptation time when grown under nitrogen-fixation conditions ( Table 1) .
The function of AerC as an energy taxis transducer was further confirmed by comparing the motile behavior of wild-type and AB301 cells in gradients of 1,4-benzoquinone, which elicits redoxtaxis (4) . A difference in the sensitivity of the AB301 strain and the wild-type strain to the repellent effect of 1,4-benzoquinone was detected only when cells were grown under conditions of nitrogen fixation but not in the presence of ammonium (Table 1) .
Observed behavioral defects in the AB301 strain could be complemented by the wild-type protein, but not by any of the mutated proteins that carry W77F or W199F substitutions, indicating that mutations abolish protein function (Fig. 4 A and B) . Furthermore, these mutations caused the cells to clump, which could explain the null aerotactic phenotypes and the more severe chemotactic phenotypes observed when expressing these proteins (Fig. 4C) . These phenotypes are also consistent with a Che1-dependent function of AerC because Che1 was implicated in controlling taxis as well as clumping (13) . The subcellular localization of AerC W77F -Yfp, AerC W199F -Yfp, and AerC W77FW199F -Yfp was similar to that observed for the wild-type AerC protein, suggesting correct folding of these proteins (Fig. 4D) .
Contribution of AerC to Locomotor Behavior Correlates with Changes
in Metabolism. Consistent with the expression pattern of AerC, behavioral assays showed that this chemoreceptor plays a major role under nitrogen-fixing conditions whereas its contribution in the presence of ammonium is minor. Given that FAD, which is likely a cofactor associated with the AerC PAS domains, is also a major metabolite intermediate, we hypothesized that changes in AerC expression and its contribution to locomotor behavior might correlate with changes in the energy metabolism of the cells. To test this hypothesis, we measured the total FAD content of cells grown in the presence of ammonium and under nitrogenfixing conditions. The total FAD content of cells grown under nitrogen-fixing conditions (21.9 ± 1.16 fmol FAD/mg protein) was significantly higher than that of cells grown in the presence of ammonium (14 ± 2.8 fmol FAD /mg protein) (statistically different at the P < 0.05 level). Therefore, cells increase their total cellular FAD content under conditions of nitrogen fixation. This increase coincides with the elevated expression and functional contribution of AerC. Thus, the lack of AerC might affect function(s) that rely on the ability of cells to locate environments that support optimum energy metabolism. Given the delayed aerotactic band formation of the ΔaerC mutant cells in oxygen gradients, we hypothesized that the expression of nitrogen-fixation genes, which requires a specific oxygen concentration, should be affected. We compared the time course of expression of the promoter for the nitrogenase structural gene nifH as cells move along an oxygen gradient (Fig. 5A) . The expression of nifH in the mutant strain was affected and appeared delayed relative to the wild-type strain (Fig. 5B) . We confirmed that in wild-type cells the promoter for aerC was expressed as cells navigate the gradient (Fig. 5C) . Changes in the total cellular FAD content as cells navigated the gradient paralleled the pattern of AerC expression (Fig. 5D) . Therefore, cells navigating in the oxygen gradient coordinate changes in metabolism with changes in the concentration of the energy taxis transducer to locate the optimal position for metabolism. 
Discussion
The ability of motile cells to locate preferred niches for energy generation is essential for their survival. Given the ecological advantage provided by energy taxis (24) , energy taxis transducers are expected to be widespread in bacteria; however, only a few have been identified thus far (7, 8, 10, 14, 15) . Here we characterize an energy taxis chemoreceptor, AerC, in the nitrogen-fixing bacterium, A. brasilense. We show that AerC has elevated expression and localizes to bright polar foci at the cell poles under nitrogenfixing conditions, but not in the presence of combined nitrogen. 45.3 ± 3.3 37.2 ± 2.1 100 *The response time of free-swimming cells until they return to a prestimulus swimming pattern was measured. The removal of air triggers a repellent response (increase in the reversal frequency of swimming cells) and the addition of air triggers an attractant response (decrease in the reversal frequency) under these conditions. † The "−" and "+" signs refer to the removal (repellent) or addition (attractant) of air, respectively, in the temporal assay.
This chemoreceptor plays a role in many redox-mediated behaviors that comprise energy taxis, but it is most significant under nitrogen-fixing conditions. Similarly to the E. coli Aer chemoreceptor (7, 8, 16, 17) , AerC contains FAD as a cofactor within its PAS domains; however, there is a striking difference between the two proteins. Whereas Aer has a single PAS domain and is membrane bound, AerC has dual PAS domains and is soluble. PAS domains of Aer and AerC exemplify two subfamilies that are dominant among PAS domain-containing chemoreceptors. Using protein sequence analysis and available structural information (18), we have identified conserved tryptophan residues in both PAS domains of AerC that are essential for FAD binding and sensory function. Two large conserved PAS domain subfamilies exemplified by Aer and AerC are now termed PAS_FAD1 and PAS_FAD2, respectively. This finding is important for the function prediction in thousands of PAS-domain containing sensors.
The two classes of PAS domains differ by their predicted topology with PAS_FAD1 being separated from the signaling domain by at least one transmembrane region. In contrast, PAS_FAD2 never is separated from the signaling domain by transmembrane regions. Because both PAS domains contain FAD, but have different topologies, amino acid residues that are uniquely conserved in PAS_FAD1 and PAS_FAD2 classes (Fig. S4 ) likely represent differences in transmembrane versus cytoplasmic signaling. In E. coli, the concentration of individual chemoreceptors within the chemoreceptor arrays is variable and affects signaling (25) . Changes in the chemoreceptor content have been reported in Pseudomonas aeruginosa (26) and Rhodobacter sphaeroides (27) ; however, the effect of such changes on chemotaxis has not been established. Here we presented a case where changes in the chemoreceptor content dramatically affect motile behavior under very specific conditions: chemosensory input to AerC (changes in redox homeostasis) acts as a major cue to modulate behavior under nitrogen-fixing conditions.
Nitrogen fixation is an energy-demanding process, and at the same time nitrogenase must be protected from inhibition by oxygen (28) . Nitrogen-fixing microorganisms developed several strategies to deal with this dilemma. Both Klebsiella pneumonia, an anaerobe, and A. vinelandii, an aerobe, monitor oxygen levels using the NifA transcriptional regulator that controls nitrogen fixation (29, 30) . Many other prokaryotes also regulate the expression of nitrogen-fixation genes in response to oxygen concentration and energy availability. A. brasilense employs energy taxis to find a position in chemical gradients where low oxygen concentrations protect the nitrogenase while supporting energy generation (5, 31) . AerC-mediated energy taxis prevails under conditions of nitrogen fixation, illustrating a strategy by which motile cells optimize chemosensing (increased expression of FAD-containing chemoreceptor) to signaling cues (redox conditions, monitored via FAD) that directly affect current metabolic activities (nitrogen fixation). Our findings further highlight the dynamic interplay between metabolism and sensing.
Materials and Methods
See SI Materials and Methods for details.
Media, Bacterial Strains, and Growth Conditions. A. brasilense Sp7 (ATCC 29145), a wild-type strain for chemotaxis, was used throughout this study. Growth conditions are listed in SI Materials and Methods. Bacterial strains and plasmids are listed in Table S2 .
Mutant Construction and Complementation. The ΔaerC mutant was constructed by deletion of an internal 1,101-bp fragment in-frame and inserting a nonpolar kanamycin cassette (Tables S2 and S3 ). Correct allelic replacement was verified by PCR. One such mutant strain was used for further analysis (AB301). Complementation of the AB301 strain was performed by expressing wild-type aerC from its native promoter on a broad host range low-copy plasmid (pRK415). Single residue mutations in AerC_PAS1 and AerC_PAS2 were introduced at residue W77 (PAS1) and W199 (PAS2) by PCR using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. Tryptophan codons (W77 in AerC_PAS1 and W199 in AerC_PAS2) were substituted with phenylalanine codons singly and in combination (Table S2 ). The mutations were confirmed by DNA sequencing. Plasmids were introduced into A. brasilense strains using triparental mating as described previously (13) .
Generation of AerC-yfp Fusions and Fluorescence Microscopy. C-terminal translational fusions of AerC with Yfp were generated essentially as described (32) . For fluorescence microscopy, cultures were embedded in a 1% agarose pad on microscope slides and covered with a coverslip. Differential interference contrast (DIC) and fluorescence images were acquired using a Nikon 80i microscope. At least three independent experiments were performed, and at least five different fields of view from each experiment were analyzed. was cloned into the pFUS1 vector (33) to generate a transcriptional fusion with the promoterless gusA, yielding PaerC-gusA (pFUSPaerC; Table S2 ). The nifH promoter activity was assessed using a PnifH-gusA fusion from the pFAJ318 vector (Table S2 ). The β-glucuronidase activity was determined according to Reeve et al. (33) .
Behavioral Assays. Semisoft plates, capillary, miniplug, and temporal assays were performed essentially as previously described (4).
Computational Analysis. Database searches and protein sequence analyses were carried out using standard bioinformatics techniques (see SI Materials and Methods for details).
